Rotating bending (52.5 Hz) and ultrasonic (20 kHz) fatigue tests were performed on the specimens of a bearing steel, which were quenched and tempered at 150°C, 300°C, 450°C and 600°C, respectively, to investigate the influence of strength level and loading frequency on the fatigue behavior in veryhigh-cycle regime. Influences on fatigue resistance of materials, characteristics of S-N curves and transition of crack initiation site were discussed. The specimens with higher strength showed interior fracture mode in very-high-cycle regime and with slight frequency effect, otherwise cracks all initiate from the surface and the fatigue strength was much higher under ultrasonic cycling.
Introduction
In many industries, the required design lifetime of some components exceeds 10 7 loading cycles, such as aircrafts (gas turbine disks 10 10 cycles), ships (big diesel engine 10 9 cycles), railways (high speed train 10 9 cycles), and automobiles (car engine 10 8 cycles) [1] . It is well known that the S-N curves of low-strength steels usually tend to a limit at 10 7 cycles by which the fatigue limit is defined, i.e. a stress level below which fatigue failure does not occur and it has been used as a design stress for machine components. However, in recent years, it has been reported that the fatigue failure of some high-strength steels and case-hardened steels still occurs at stress levels below the conventional fatigue limit in the life region greater than 10 7 cycles [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Therefore, it is no longer safe to use the conventional fatigue design standard, especially for high-strength steels. For low and medium strength steels, fatigue cracks tend to initiate from specimen surface and there is a common relation between fatigue limit and tensile strength: r w = r b /2 [6, 12] . The data collected by Abe et al. [12] show that for those low alloy steels of r b 6 1200 MPa, the relation is quite applicable. However, while r b > 1200 MPa, the ratio of fatigue limit to tensile strength is relatively low and the fracture tends to initiate from internal defects such as inclusions or cavities.
A classical method to determine the infinite fatigue life is to use Gaussian functions [1, 13] . The fatigue limit is given by the average alternating stress r w , and the probability of fracture is given by the standard deviation of the scatter (s). It is said that the values of r w À 3s gives a probability of fracture close to zero, where s is generally taken as 10 MPa. Then the true infinite fatigue limit should be r w minus 30 MPa. However, the study by Bathias et al. [7] showed that for many materials, the difference between the fatigue strength at 10 6 and 10 9 was larger than 50 MPa, especially for high-strength steels. Sometimes the difference could even reach to 200 MPa. The reason why the change of strength level has such a great effect on very-high-cycle fatigue (VHCF) behavior of materials is not clear. In recent years, some researchers apply piezoelectric fatigue systems to accelerate testing of specimens at a frequency of 20 kHz, namely ultrasonic fatigue testing [14] [15] [16] [17] [18] . From 52.5 Hz to 20 kHz, there is an increase in strain rate of 2-3 orders of magnitude. Whether the data acquired from ultrasonic testing can be equivalent to those obtained by conventional frequency testing is dubious.
Laird and Charsley [19] gave an overview of frequency effect on cyclic plastic deformation, dislocation movement, damage localization and fatigue crack growth in pure fcc and bcc metals, and Mayer [20] gave a more detailed review. For pure fcc metals, the critical shear stress is low and insensitive to strain rate, for which slip systems are still active under high frequencies, thus the increase of frequency has little influence on them. For pure bcc metals, due to high dislocation activation energy and high critical shear stress, the slip systems tend to be suspended under high frequency, so the frequency effect is obvious. The frequency effect is also correlated with stress level and tends to show up at large plastic strain 0142-1123/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.ijfatigue.2011.11.014 amplitudes [15] . The loading frequency can change the fatigue mechanism of bcc metals. Under high frequencies, the dislocations are hardly to be activated and the fracture modes tend to transit from ductile to brittle. The behavior of hcp metals is very similar to bcc ones. Due to high dislocation activation energy, the frequency effect of hcp metals is also obvious. For most alloys, they have relatively higher strength and the dislocation movement is strongly impeded by interstitials, second phases and inclusions. In brief, the influence of frequency on the fatigue properties of metallic materials is rather complicated and till now has not any theoretical explanation been proposed. Therefore, the effect of loading frequency needs further investigation.
In the present study, fatigue testing of a high carbon chromium bearing steel (GCr15) quenched then tempered at four different temperatures, was performed with rotating bending and ultrasonic fatigue testing machines to clarify the effect of strength level and loading frequency on fatigue behavior.
Experimental procedure

Material and specimens
The material used in this investigation is a high carbon chromium bearing steel (GCr15). The chemical composition (mass percentage) of this steel is: 1.01 C, 1.45 Cr, 0.35 Mn, 0.28 Si, 0.015 P, 0.01 S and balance Fe. From the annealed steel bar, specimens were machined into hourglass shape with a certain amount of finishing margin. The specimens were heated at 845°C for 2 h in vacuum, then oil-quenched and tempered for 2.5 h in vacuum at 150°C, 300°C, 450°C and 600°C with furnace-cooling, respectively. The final geometries of specimens are shown in Fig. 1 . Before fatigue testing, the round notch surface was polished by the grade 400, 800, 1500 and 2000 abrasive papers.
Before fatigue testing, tensile testing was conducted on an MTS 810 system with cylindrical specimens of 6 mm in diameter at a strain rate of 10
À4
. Hardness measurement was performed using a Vickers hardness tester at a load of 50 g with the load holding time of 15 s.
Fatigue testing methods
The conventional frequency fatigue test was performed at room temperature in air by using a four-axis cantilever-type rotating bending machine, which was operated at 3150 rpm (f = 52.5 Hz), and the stress ratio was R = À1. The ultrasonic fatigue testing was conducted on a Shimadzu USF-2000 at a resonance frequency of 20 kHz at room temperature in air, with a resonance interval of 100 ms per 500 ms and the stress ratio R = À1. Compressive air was used to cool the specimens during ultrasonic fatigue testing. After the fatigue testing, the fracture surfaces of all fractured specimens were examined by using a field-emission type scanning electron microscope (FE-SEM).
Experimental results
Microstructure and mechanical properties
The microstructure observations on etched specimen are shown in Fig. 2 . Big residual spheroidal carbides are observed on the four groups of specimens. The number and size of cementite particles precipitated during tempering increased as tempering temperature increased. The microstructure of specimens tempered at 150°C and 300°C is tempered martensite. From SEM photographs, it is seen that small martensite blocks present, with the measured average lamellar width of 378 nm. The carbon content in martensite is about 0.2% for specimens tempered at 150°C and 0.06% for specimens tempered at 300°C. For specimens tempered at 450°C, the microstructure is troostite in which ferrite still has the shape of martensite and the carbon content in ferrite is lower than 0.02%. When tempered at 600°C, recovery and recrystallization occurred in the ferrite matrix. The dislocation density and carbon content in ferrite decrease greatly.
The austenite grain size is about 13.8 lm, obtained from 1638 grains of intergranular fatigue fracture surface of specimens tempered at 150°C and 300°C. In the following text, T.T. is used for the abbreviation of tempering temperature, R.B. stands for rotating bending, and UL stands for ultrasonic loading. Table 1 lists the mechanical properties of the four groups of specimens. It is seen that the ultimate tensile strength decreases as the tempering temperature increases. Dr fs fatigue strength difference between N = 10 7 and N = 10
S-N curves
fatigue strength is a little higher under ultrasonic loading. While for the other three groups of specimens, fatigue resistance under ultrasonic loading is markedly higher than that under conventional frequency loading. The S-N curve of specimen T.T. 150°C presents a continuously descending shape in rotating bending and ultrasonic fatigue testing, although stepwise S-N curves or duplex curves were mostly reported in rotating bending fatigue testing [4, [21] [22] [23] [24] . For specimens T.T. 300°C and T.T. 450°C, the S-N curves show a continuously descending shape under rotating bending loading, but it turns out to be a horizontal asymptote shape under ultrasonic loading. For specimens T.T. 600°C, both S-N curves present a horizontal asymptote shape and clearly have a fatigue limit.
Fractography
The typical patterns of interior-initiated fracture surface in rotating bending and ultrasonic fatigue testing are shown in Fig. 4 . The whole region of crack initiation and early propagation exhibits a pattern of ''fish-eye'', and a relatively rough region with fine granular morphology often presents surround the inclusion inside fish-eye, which is so-called ''fine granular area'' (FGA) [24] . Region A outside fish-eye displays an intergranular/transgranular morphology, and this kind of morphology is only observed in specimens T.T. 150°C and T.T. 300°C. Region B displays a radioactive morphology indicating fast crack growth. The schematic representation of fatigue facture surface is shown in Fig. 4e .
For specimens T.T. 150°C and T.T. 300°C, crack initiates from surface in low cycle regime, as shown in Fig. 5a . In high cycle regime, crack initiates from the internal defects of specimen showing a fish-eye pattern without FGA, as shown in Fig. 5b . And in very high cycle regime, FGA is easily observed surrounding the internal defects inside fish-eye, as shown in Fig. 5c . Internal grain boundary induced failure is also observed, as shown in Fig. 5d . Fig. 6 shows the fractography of specimens T.T. 450°C and T.T. 600°C. It is noted that, for specimens T.T. 450°C, all the specimens failed from surface in rotating bending testing as shown in Fig. 6a . Under ultrasonic loading, fatigue crack still initiates from internal defects in VHCF regime as shown in Fig. 6b , but FGA is hardly to be observed. The fractography of specimens T.T. 600°C is shown in Fig. 6c and d . All specimens failed from surface under two loading cases. Fig. 7d shows that the depth of inclusion does not affect the fatigue life obviously. This is in agreement with the results in the literature [21, [25] [26] [27] [28] .
The range of stress intensity factor (SIF) at the front of inclusion and FGA, DK ini , is calculated by using the following equation [29] :
where Dr a is the local stress amplitude at the center of inclusion or FGA. For surface inclusion, 0.65 is used for the coefficient in Eq. (1) instead of 0.5. The results are plotted as a function of fatigue life as shown in Fig. 8a . It is noted that the value of DK of inclusions tends to decrease as fatigue life increases, while that of FGA keeps almost a constant regardless of fatigue life, loading frequencies and tempering temperatures, which is about 5.2 MPa m 1/2 . As illustrated in Fig. 4 , the fracture surface of specimen is divided into several typical regions. Here the intergranular/transgranular region is discussed. Under rotating bending loading, the value of DK at the deepest site of the semi-circular where the region begins is calculated as follows:
where F M I is the correction factor depending on the geometry of specimen and crack, and it is available in the handbook [30] . Under ultrasonic loading, the value of DK at the border where the intergranular/transgranular region begins (the circular area with a radius of R 1 , a region similar to fish-eye) is calculated as follows:
The result is shown in Fig. 8b 
A parallel investigation by the present authors [32] revealed that the plastic zone size r p at the front of FGA and fish-eye are 220 nm and 12 lm, which are close to two material characteristic sizes in GCr15: the width of martensite lamellar (378 nm) and the prior austenite grain size (13.8 lm). Thus, the morphology evolution from FGA to fish-eye and to intergranular/transgranular area is caused by the change of plastic zone size at the crack front with the relation to material characteristic sizes.
Effect of strength level and loading frequency on fatigue resistance of materials
The values of fatigue strength at N = 10 6 , 10 7 , 10 8 and 10 9 are shown in Fig. 9 . Under rotating bending, the fatigue strength decreases as tensile strength decreases at any specified fatigue life. The difference between the fatigue strength at N = 10 7 and N = 10 9 (extrapolated) is relatively larger when the tensile strength is higher. For specimens with tensile strength higher than 2000 MPa (T.T. 150°C, 2372 MPa and T.T. 300°C, 2150 MPa), the difference is up to 65 MPa and 115 MPa, which is larger than the other two specimen groups with lower strength. For specimens T.T. 450°C (1677 MPa) and T.T. 600°C (1044 MPa), the decrease is 40 MPa and 10 MPa. However, there is distinct difference under ultrasonic loading. Fig. 9b shows that the fatigue strength of specimens at any specified fatigue life does not change too much in the VHCF regime except for the specimens with the lowest strength. The ratio of fatigue limit to tensile strength increases as the tensile strength decreases under both loading cases as shown in Fig. 9c . Experiments of a similar material (NF 100C6) with tempering temperature of 180°C (tensile strength: 2300 MPa) were reported by Marines et al. at two different loading frequencies [1] . The experiments show no difference at different loading frequencies and the results are included in Fig. 9c for comparison. It is noted that for specimens T.T. 150°C, fatigue strength under ultrasonic loading is a little lower than that under rotating bending loading. For specimens T.T. 180°C, fatigue strength under two loading frequencies is almost the same. For specimens T.T. 300°C, T.T. 450°C and T.T. 600°C, fatigue strength is markedly higher under ultrasonic loading. It is suggested that loading frequencies do have effect on fatigue behavior of materials, but for materials with different microstructure, the resultant of the effect may defer.
A group of data on fatigue strength of low alloy steels is collected by the authors and the results are shown in Fig. 10 [33] . The data were cited from 32 papers, including 58 material cases. Fig. 10a shows that r w increases with r b , i.e. r w = 0.468r b . Fig. 10b shows that the fatigue strength difference between 10 7 and 10 9 is larger than 50 MPa frequently in high tensile strength cases, with the largest value around 200 MPa. In low strength cases, the difference is small. The data of present work are also presented for comparison. In VHCF regime, although the material is macroscopically elastic, local micro-plasticity caused by very small irreversible cyclic slips may still occur in some regions and accumulates to final failure [34] . Most damage occurs at the maximum load in a cycle. Hence a slower strain rate, or a longer time at maximum load is more detrimental. In some papers, the damping heat in fatigue process was measured by micro-thermocouples or infrared camera to calculate the plastic strain amplitude [35] [36] [37] . It was found that, at the same stress level, the equivalent plastic strain amplitude at f = 100 Hz was one or two magnitudes larger than that under ultrasonic loading. This may explain why the fatigue strength is generally higher at ultrasonic than that at low frequencies and applies to the specimens with lower strength (T.T. 300°C, T.T. 450°C and T.T. 600°C). But for specimens with the highest strength (T.T. 150°C and T.T. 180°C), the influence of frequency is small. Other studies were carried out on cast iron by Wang et al. [9] , and on spring steels by Furuya et al. [5] and Marines et al. [16] , which came out with similar results. It is suggested that loading frequencies have little influences on brittle materials with low plasticity. Fig. 11 schematizes typical S-N curves for carbon steels and low-alloy steels. For low-strength steels, the S-N curve is of a horizontal asymptote shape and clearly has a fatigue limit as line r shown in Fig. 11 . For high-strength steels, step-wise curves or duplex curves are mostly reported in the literatures (line s) and there is no fatigue limit. S-N curves exhibiting a continuously descending shape are also reported (line t). It is noted that as material strength increases, fatigue limit disappears and the S-N curve continues to descend. For specimens with the lowest tensile strength (T.T. 600°C, 1044 MPa), the S-N curve resembles line r. For specimens with the highest tensile strength (T.T. 150°C, 2372 MPa), the S-N curve resembles line t. For the other two groups of specimens (T.T. 300°C, 2150 MPa and T.T. 450°C, 1677 MPa), the S-N curves resemble line t in rotating bending testing and line r in ultrasonic testing which presents a fatigue limit.
Effect of strength level and loading frequency on S-N curve characteristics
Generally, in low-strength steels only surface fatigue failure mode exists and the plateau of line r corresponds to surface fatigue limit. But in high-strength steels internal fatigue failure mode occurs in VHCF regime, thus the S-N curve will continue to descend. A plateau as shown in line s will appear when the probability of surface crack initiation equals to internal crack initiation, and in the plateau region, the scatter of data is evident.
Effect of strength level and loading frequency on transition of fatigue crack initiation site
The tensile strength has a substantial effect on the fatigue crack initiation site. It is noted from Figs. 3, 5 and 6 that the specimens with the lowest tensile strength (T.T. 600°C, 1044 MPa) show only surface-induced crack initiation under two loading cases, while for specimens with higher tensile strength (T.T. 150°C, 2372 MPa and T.T. 300°C, 2150 MPa), cracks initiate from subsurface in VHCF regime. For specimens with medium strength (T.T. 450°C, 1677 MPa), cracks all initiate from surface in rotating bending ) to tensile strength of five groups of specimens under two loading cases (the specimen with a tensile strength of 2300 MPa is NF 100C6, while the other four groups of specimens are the materials used in this paper). testing, whereas in ultrasonic testing, crack initiates from subsurface in VHCF regime. But there is no obvious difference in fractography morphology, and the transition of crack initiation site is more likely to be caused by the difference of loading style. Thus, it is suggested that as material strength increases crack tends to initiate from subsurface while loading frequency has little effect on crack initiation site. A review article [33] has shown that with larger tensile strength, there is a tendency for crack to initiate from subsurface. In order to interpret the mechanism of fatigue crack initiation either at surface or at subsurface, a new parameter D Ã is proposed elsewhere [38, 39] for this regard:
where N i is the number of cycles for subsurface crack initiation and N s is the number of cycles for surface crack initiation. When N s < N i , i.e. D Ã > 1, crack originates at surface. When D Ã < 1, crack originates at subsurface. k w is the ratio of surface energy related to crack initiation at surface and subsurface. In dry air, k w % 1. DŨ is the dimensionless unit increment of energy for dislocations in cycling. w = r/l is the ratio of inclusion radius (r) to grain radius (l). u = Dr/2k is the ratio of stress amplitude (Dr) to the resistance of dislocation movement (k).
Simulation results [39] showed that D Ã decreases as u and w decrease, i.e. at relatively low cyclic loading level, high strength of material, large inclusion size and small grain size, fatigue crack tends to initiate at subsurface. Our present experimental results have verified that as material strength upgrades, crack tends to initiate at subsurface in VHCF regime.
Explanation on effect of strength level and loading frequency in terms of dislocation movement
A qualitative calculation is carried out to explain the effect of strength level and loading frequency. The velocity of a dislocation is expressed as [40] :
where s is the shear stress on individual dislocations, m is a material constant, and s 0 is a material constant representing the stress required to give a dislocation velocity v 0 = 1 cm/s. The distance a dislocation travels in a quarter of cycle is:
Assuming x = 2pft, thus:
Assuming s/s 0 = 1.1 and s/s 0 = 1.01, the moving distance of a dislocation is shown in Tables 2 and 3 . It is noted that the moving distance in rotating bending testing (L RB ) is two orders of magnitude larger than that in ultrasonic testing (L UL ). The calculation is taken under the assumption that dislocations move freely. Practically there are many obstacles in materials and they will shorten the moving distance markedly. In the present investigation, specimens are tempered at different temperatures and the amount of carbon atoms dissolved in matrix will decrease as tempering temperature increases. Thus the ability to impede the movability of dislocations is different. A schematic representation is shown in Fig. 12 Fig. 11 . Schematics of typical S-N curves for carbon and low-alloy steels. The S-N curve of low-strength steels is of a horizontal asymptote shape as line r and clearly has a fatigue limit. The S-N curve of high-strength steels is of a step-wise shape as line s or a continuously descending shape as line t and there is no sign of fatigue limit. tively smaller blue circles represent carbon atoms, black circles represent the dislocation moving distance in rotating bending testing and white circles represent the distance in ultrasonic testing. The dislocations will travel the same distance provided the same stress amplitude is given. Under rotating bending, dislocations travel relatively longer distance and are all impeded by carton atom layers, i.e. the dislocation moving distance is restricted by carbon atom layers and the damage caused under the same stress increases as tempering temperature increases. And shown by the experiments, fatigue resistance decreases markedly as material strength decreases. Under ultrasonic loading, dislocation moving distance is relatively shorter and does not reach the obstacles which are mainly the carbon atom layers. Thus the damage caused by the same stress is the same for specimens tempered at different temperatures. And the experiments have shown that the difference of fatigue resistance for the three groups of specimens with higher tensile strength is small.
For specimens with the highest tensile strength (T.T. 150°C, 2372 MPa), the density of carbon atoms is high and the interval between obstacles is small. Thus the actual dislocation moving distance under different frequencies is almost the same and the difference of fatigue resistance is small. For the other specimens, the dislocation moving distance under ultrasonic loading is much smaller than that under rotating bending and fatigue resistance is much higher under ultrasonic loading. For materials reported with no frequency effect such as NF 100C6, JIS-SNCM439 and JIS-SUP7/SUP12 [1, 5, 9] , they are all tempered at low temperatures and the Carbon contents are high in martensite. Thus the frequency effect is substantially diminishing.
Conclusions
In the present investigation, fatigue testing of a high carbon chromium bearing steel (GCr15) quenched then tempered at four different temperatures (150°C, 300°C, 450°C and 600°C), was performed with rotating bending and ultrasonic fatigue testing machines. The following conclusions are dawn:
(1) As tensile strength increases, the fatigue strength of material increases and the crack initiation site tends to transit from surface to subsurface. Specimens with higher strength (T.T. 150°C and T.T. 300°C) failed from interior of specimen in VHCF regime, whereas specimens with lower strength (T.T. 450°C, T.T. 600°C) showed only surface failure mode. For specimens with higher strength, the S-N curves exhibit a continuously descending shape and the fatigue strength decrement between N = 10 7 and N = 10 9 is obvious. For lowstrength specimens, the S-N curve is of a horizontal asymptote shape and has a fatigue limit. The internal fatigue fracture mode in high-strength specimens is the main reason for the descending in VHCF regime. (2) Loading frequencies do have effect on fatigue strength of materials, but for materials with some specific microstructure the resultant of the effect may defer. The experiments show that loading frequencies have little influence on specimens with the highest strength (T.T. 150°C), while for the other specimens with lower tensile strength the fatigue resistance is markedly high in ultrasonic testing. Loading frequencies do not change the failure mode of specimens, i.e. loading frequencies have no effect on the transition of fatigue crack initiation site. (3) An explanation on the effect of strength level and loading frequency is proposed in terms of dislocation movement. It is suggested that the dislocations travel shorter distance at higher loading frequency than that at lower frequency provided the same stress is given, thus the accumulated damage is smaller and the fatigue resistance is higher. But for materials with obstacles dense enough to impede dislocation movement, the influence of frequency is substantially diminishing.
